In the brain, dopamine exerts an important modulatory influence over behaviors such as emotion, cognition, and affect as well as mechanisms of reward and the control of locomotion. The dopamine transporter (DAT), which reuptakes the released neurotransmitter into presynaptic terminals, is a major determinant of the intensity and duration of the dopaminergic signal. Knockout mice lacking the dopamine transporter (DAT-KO mice) display marked changes in dopamine homeostasis that result in elevated dopaminergic tone and pronounced locomotor hyperactivity. A feature of DAT-KO mice is that their hyperactivity can be inhibited by psychostimulants and serotonergic drugs. The pharmacological effect of these drugs occurs without any observable changes in dopaminergic parameters, suggesting that other neurotransmitter systems in addition to dopamine might contribute to the control of locomotion in these mice. We report here that the hyperactivity of DAT-KO mice can be markedly further enhanced when N-methyl-D-aspartate receptor-mediated glutamatergic transmission is blocked. Conversely, drugs that enhance glutamatergic transmission, such as positive modulators of L-␣-amino-3-hydroxy-5-methylisoxazole-4-propionate glutamate receptors, suppress the hyperactivity of DAT-KO mice. Interestingly, blockade of Nmethyl-D-aspartate receptors prevented the inhibitory effects of both psychostimulant and serotonergic drugs on hyperactivity. These findings support the concept of a reciprocal functional interaction between dopamine and glutamate in the basal ganglia and suggest that agents modulating glutamatergic transmission may represent an approach to manage conditions associated with dopaminergic dysfunction. F rontostriatal circuitry is one of the most prominent brain pathways involved in the control of locomotion, affect, impulsivity, attention, and emotion (1, 2). One axis of this circuitry involves dopaminergic projections into the striatal and mesolimbic brain areas (1, 3). Dopaminergic transmission has been intensively studied and is relatively well characterized (1, 3), largely because alterations in dopaminergic tone have clear behavioral manifestations such as changes in locomotor activity. In addition to dopaminergic innervation from substantia nigra and ventral tegmental area, the basal ganglia receive dense glutamatergic input predominantly from prefrontal cortical areas, as well as from the hippocampus, periventricular thalamus, and amygdala (1, 4, 5). There is a growing appreciation for the concept that dopaminergic and glutamatergic systems intimately interact at the level of medium-sized spiny neurons in the basal ganglia to control behavior (1, 6, 7). Particularly, an interaction at the levels of receptor signaling and regulation between dopamine D1 and͞or D2-like receptors and ionotropic glutamate N-methyl-D-aspartate (NMDA) and L-␣-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors, has been put forth (7-9). Recent findings in mice with decreased NMDA receptor expression (10) confirmed and extended previous pharmacological studies (1, 11, 12) , suggesting a reciprocal interaction of glutamatergic and dopaminergic transmission in the control of motor behaviors. Several lines of evidence suggest that serotonin (5-HT) also plays an important role in this interaction (13-17), in part by modulating the activity of glutamatergic neurons in the frontal cortex (12-15, 17) . Nevertheless, the exact nature of the interplay of these systems within compartments of frontostriatal circuitry is still poorly understood.
F
rontostriatal circuitry is one of the most prominent brain pathways involved in the control of locomotion, affect, impulsivity, attention, and emotion (1, 2) . One axis of this circuitry involves dopaminergic projections into the striatal and mesolimbic brain areas (1, 3) . Dopaminergic transmission has been intensively studied and is relatively well characterized (1, 3) , largely because alterations in dopaminergic tone have clear behavioral manifestations such as changes in locomotor activity. In addition to dopaminergic innervation from substantia nigra and ventral tegmental area, the basal ganglia receive dense glutamatergic input predominantly from prefrontal cortical areas, as well as from the hippocampus, periventricular thalamus, and amygdala (1, 4, 5) . There is a growing appreciation for the concept that dopaminergic and glutamatergic systems intimately interact at the level of medium-sized spiny neurons in the basal ganglia to control behavior (1, 6, 7) . Particularly, an interaction at the levels of receptor signaling and regulation between dopamine D1 and͞or D2-like receptors and ionotropic glutamate N-methyl-D-aspartate (NMDA) and L-␣-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors, has been put forth (7) (8) (9) . Recent findings in mice with decreased NMDA receptor expression (10) confirmed and extended previous pharmacological studies (1, 11, 12) , suggesting a reciprocal interaction of glutamatergic and dopaminergic transmission in the control of motor behaviors. Several lines of evidence suggest that serotonin (5-HT) also plays an important role in this interaction (13) (14) (15) (16) (17) , in part by modulating the activity of glutamatergic neurons in the frontal cortex (12) (13) (14) (15) 17) . Nevertheless, the exact nature of the interplay of these systems within compartments of frontostriatal circuitry is still poorly understood.
By deleting the gene encoding the dopamine transporter (DAT), a strain of mice lacking the mechanism to provide reuptake of extracellular DA has been developed (18) . In the absence of DAT, important changes are observed in extracellular dopamine dynamics and presynaptic homeostasis of dopaminergic terminals in the striatum of these mice, suggesting a prominent role of transporter function in the maintenance of normal homeostatic control (19) . Because of their characteristics, the DAT-knockout (DAT-KO) mice represent an interesting animal model in which the interplay between various neuronal systems can be examined.
Characterization of Dopamine Homeostasis in DAT-KO Mice
Pharmacological evidence would predict that elimination of the DAT should result in changes in the extracellular dynamics of dopamine (3) . Cyclic voltammetry experiments in mouse striatal slices demonstrated a 300-fold increase in the amount of time dopamine spends in the extracellular space (18) (19) (20) . Moreover, cyclic voltammetry studies revealed that the rate of dopamine clearance was unaltered either by inhibitors of other transporters or by selective inhibitors of the dopamine degradation enzymes (19) . Amphetamine, methylphenidate, and cocaine were found to be unable to affect clearance or extracellular dopamine levels in the striatum of DAT-KO mice (18, 19, 21) . These observations suggested that over the time it takes to clear dopamine released by a single pulse stimulation, diffusion alone plays the major role in removing dopamine from the extracellular space in the striatum of DAT-KO mice (19) . To directly prove that this prolonged clearance could result in alterations in extracellular dopamine concentrations, an alternative approach to assess extracellular dopamine dynamics, a quantitative ''no net flux'' microdialysis technique in freely moving mice was used (19, 20) . These studies revealed a 5-fold elevation in steady-state striatal extracellular dopamine in DAT-KO mice in comparison to wild-type (WT) mice. These simple neurochemical parameters would suggest that the DAT-KO mice could represent a genetic model of persistent functional hyperdopaminergia.
From these initial neurochemical characterization, it became clear that in DAT-KO mice not only changes in extracellular dopamine dynamics but also numerous alterations in both presynaptic and postsynaptic components of dopaminergic trans-mission might exist. For example, the prolongation of the striatal dopamine clearance rate was associated with a significant (75-95%) decrease in the amount of dopamine released in response to stimulation (18, 19, 22) , suggesting that the actual amount of releasable dopamine in the DAT-KO mice was decreased. In fact, total striatal tissue dopamine levels, which mostly reflect the intraneuronal vesicular storage pool of dopamine, were reduced in DAT-KO mice to only 1͞20th of that in WT mice (19, 20) . Interestingly, these low levels of dopamine in the striatum were extremely sensitive to inhibition of tyrosine hydroxylase (TH) by ␣-methyl-para-tyrosine, suggesting that they may mostly represent a newly synthesized pool of dopamine (19) . These reductions in dopamine tissue levels could not be explained as a consequence of abnormal development or degeneration of dopamine neurons because quantitation of TH-positive neurons in the substantia nigra was not markedly different from that in WT mice. In addition, markers of dopaminergic terminals such as L-aromatic amino acid decarboxylase (AADC) and the neuronal vesicular monoamine transporter (VMAT2) levels were not significantly decreased (20, 23) . These findings strongly suggest that depletion of the dopamine storage pools and decreased dopamine release in DAT-KO mice are directly caused by the absence of inward transport of dopamine through the DAT. Consequently, in a normal situation, a tight dependence of dopamine storage on recycled dopamine must exist (20) .
In contrast to dopamine levels, the tissue content of dopamine metabolites were unaltered 3,4-dihydroxyphenylacetic acid (DOPAC) or elevated homovanillic acid (HVA) in DAT-KO mice, suggesting that additional parameters of dopamine homeostasis might be affected. Dopamine synthesis rate as assessed in vivo by accumulation of L-3,4-dihydroxyphenylalanine (L-DOPA) after inhibition of L-aromatic amino acid decarboxylase (AADC) by 3-hydroxybenzylhydrazine (NSD-1015), was found to be significantly elevated (about 200% of control) (19) . This finding indicates that both dopamine synthesis and turnover are extremely high in the mutant animals. However, the striatal protein levels of TH, the rate-limiting enzyme in the synthesis of dopamine, were reduced by more than 90% of control levels (19, 23) . This apparent paradox may be explained by the disinhibition of TH, which under normal conditions is subject to tonic inhibition by both intraneuronal and extraneuronal dopamine (3) . In addition, activation of TH might be explained by a loss of autoreceptor function caused by pronounced extracellular dopamine concentrations. Indeed, D2 autoreceptor mRNA and binding were found to be decreased by 50% in the substantia nigra and ventral tegmental area of the DAT-KO mice (18, 24) . Moreover, functional studies revealed marked desensitization in the major autoreceptor functions: regulation of neuronal firing rate, nerve terminal dopamine release, and synthesis (24) . Altogether, these data, which demonstrate a profound neurochemical plasticity of dopaminergic neurons, illustrate the critical role of DAT in the maintenance of presynaptic functions.
Another consequence of the altered extracellular dopamine dynamics appears to be a dysregulation of postsynaptic dopamine receptor responsiveness. Protein and mRNA levels of the two major postsynaptic dopamine receptors, D1 and D2, are down-regulated by Ϸ50%, in the striatum of DAT-KO mice (18) . Surprisingly, however, in the DAT-KO mice some population of postsynaptic dopamine receptors appear to be supersensitive as DAT-KO mice were hyperresponsive to postsynaptic doses of direct dopamine receptor agonists after depletion of endogenous dopamine by inhibition of TH (25) . These observations may correlate with increased expression of certain dopamine receptor subtypes or unaltered electrophysiological responsiveness of postsynaptic receptors to a microiontophoretically applied D1 receptor agonist, † despite the marked decrease in receptor numbers (18) . Thus, it appears that different populations of postsynaptic receptors have followed divergent paths in their response to the inactivation of DAT, in directions that would not necessarily have been expected, with some being down-regulated but others becoming supersensitive. All of these findings suggest that the DAT should be considered not only as an important component terminating extracellular dopamine signals, but also as a primary determinant of dopamine system homeostasis (19, 20) .
Behavioral Consequences of Hyperdopaminergia
As a result of persistently enhanced dopaminergic tone, DAT-KO mice display significantly elevated locomotor activity especially when exposed to a novel environment (18, 21, 26) . In addition, DAT-KO mice show significant impairment in tests of sensorimotor gating (27) as well as spatial learning and memory (21) but display normal social interaction (26) . In DAT-KO mice, psychostimulants do not further enhance locomotor activity but paradoxically inhibit it. This effect is independent of measurable changes in striatal dopaminergic parameters but is mimicked by increases in serotonergic transmission (21) . In the DAT-KO mice, the inhibitory action of 5-HT on locomotion is not mediated through a direct modulation of the dopaminergic system (21) . These findings suggest that the presence of a persistent hyperdopaminergic tone in these mice reveals the contribution of neuronal systems other than dopamine to the control of behavioral activation. The glutamatergic system represent a major regulatory input to the striatal motor complex (1, 4, 5) , and 5-HT has important modulatory influence on the glutamate system (15, 17) . In the present study we used DAT-KO mice as a test model to evaluate the potential effect of glutamatergic drugs on this hyperactivity phenotype and its modulation by psychostimulants and serotonergic drugs.
Materials and Methods
Mice. All experiments were conducted in accordance with the National Institutes of Health guidelines for the care and use of animals and with an approved animal protocol from the Duke University Animal Care and Use Committee. WT mice, mice heterozygous for deletion of DAT (DATϩ͞Ϫ), and DAT-KO mice were derived from crossing (over 10 generations) heterozygous DAT C57BL6͞129SvJ animals. Mice were housed 4-5͞ cage, maintained under standard lab conditions (12 h light͞dark cycle) with food and water provided ad libitum, and tested at 12-20 weeks of age. Activity Measurements. Locomotion was evaluated in an automated Omnitech Digiscan apparatus (AccuScan Instruments, Columbus, OH) under illuminated conditions (21) . Animals were tested individually at 5-min intervals. Horizontal activity was measured in terms of the total distance covered, and vertical activity was expressed in terms of the number of beam breaks caused by rearing. All drugs used in in vivo experiments were dissolved in saline with the following exceptions: fluoxetine was dissolved in distilled water, and aniracetam was suspended in a minimal amount of Tween and made up to a volume (10 ml͞kg) with saline. Control animals received saline or corresponding vehicle (10 ml͞kg). CX516, CX546 (preformulated as 2-hydroxypropyl-␤-cyclodextrin complex), CX672, and CX776 were generously donated by Cortex Pharmaceuticals (Irvine, CA). All of the other drugs were from regular commercial sources. All data are presented as means and SEMs. Statistical significance of all data presented in this article was analyzed by two-way ANOVA followed by Student's t tests for individual comparisons. A P Ͻ 0.05 was considered significant.
In Vivo Microdialysis. Microdialysate samples were collected from the right striatum 24 h after surgery, separated, and quantitated by HPLC with electrochemical detection as described for freely moving mice (19, 21) .
Tissue Levels of 5-HT and Metabolite Measurements. Mice were treated with d-amphetamine (1 mg͞kg, i.p.), methylphenidate (30 mg͞kg, i.p.), or saline (10 ml͞kg, i.p.). One hour later mice were killed, brains were removed, and regions were dissected on ice, frozen in liquid nitrogen, and stored at Ϫ80°C. Dissected frontal cortex was homogenized, filtered through 0.22-m filter, and analyzed for levels of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) by using HPLC with electrochemical detection (19) .
c-Fos Expression Measurements. Mice were treated with damphetamine, methylphenidate, and saline as described, and 1 h later frontal cortex was harvested and frozen. Tissues were then thawed on ice in lysis buffer [50 mM Tris⅐HCl, pH 8.0͞1 mM EDTA͞1 mM PMSF͞0.1% SDS͞1 mM DTT͞1 protease inhibitor mixture tablet (Complete, Mini, EDTA-free; Roche) per 10 ml]. Tissue was disrupted via brief polytron homogenization, followed by probe sonication to assure disruption of nuclei. Samples were then passed three times through an insulin syringe to shear DNA. After clearing residual cell debris via centrifugation, protein levels were assessed by Lowry assay. Equivalent levels of protein (50 g) were loaded per each lane of a 10% Tris-glycine gel. After transfer to membranes, c-Fos was detected by an antibody for c-Fos (Calbiochem, #PC05) and anti-rabbit horseradish peroxidase secondary antibody visualized by chemiluminiscence. Shown (see Fig. 5A ) is the average density of 5-6 samples (1 sample͞mouse) as quantified by the National Institutes of Health IMAGE program. WT and DAT-KO mice treated with saline did not significantly differ in their levels of c-Fos expression in the frontal cortex (data not shown). Equivalent levels of protein in each lane were confirmed by Ponceau S staining of the membranes.
Results

Potentiation of Hyperactivity in DAT-KO Mice by MK-801.
Elevated dopaminergic transmission is commonly associated with behavioral activation (1, 18, 21) . Alternatively, hyperactivity can be induced by pharmacological disruption of the glutamatergic transmission by NMDA receptor antagonists (1, (10) (11) (12) (13) 28) . To assess whether blockade of NMDA receptors could further potentiate the hyperactivity induced by enhanced dopaminergic tone, the effect of the selective NMDA receptor antagonist (ϩ)-MK-801 (10, 29) on the locomotor activity of WT, DATϩ͞Ϫ, and DAT-KO mice was investigated. (ϩ)-MK-801 induced a dose-dependent activation in locomotor activity of all groups of mice. As is characteristic for this drug (28), a pattern of hyperactivity consisting of forward locomotion (Fig. 1A) with reduced incidences of vertical activity (data not shown) was observed in all genotypes. The most robust effect occurred in DAT-KO mice, whereas both WT and DATϩ͞Ϫ mice were activated to a lesser extent and reached comparable levels of maximal activation. The dose response of the effect was significantly altered in mutant mice. Importantly, the amount of (ϩ)-MK-801 required to enhance locomotion was inversely proportional to the level of dopaminergic tone in these mice. For example, (ϩ)-MK-801 exerted significant hyperlocomotor effects at doses as low as 0.05 mg͞kg in DAT-KO mice, 0.1 in DATϩ͞Ϫ mice, and 0.2 mg͞kg in WT mice (Fig. 1 A) , which have, respectively, 5-and 2-fold elevation of basal extracellular dopamine levels in comparison to WT controls (19) . Interestingly, in rats that have been depleted of dopamine, (ϩ)-MK-801 is able to reverse the inhibition of locomotor activity (11) , but this effect is shifted to extremely high doses of the drug (almost 10-fold higher than that required to enhance activity in intact animals). In addition, ligand binding experiments with [ 3 H](ϩ)-MK-801 performed in the frontal cortex, hippocampus, and striatum did not reveal any significant alteration in NMDA receptor number in DAT-KO mice in comparison to WT controls (data not shown). This would suggest that the altered sensitivity of mutant mice to the locomotor effect of (ϩ)-MK-801 may be related to dopamine-dependent modulation of NMDA receptor function and signaling (7-9) rather than just receptor availability.
Striatal Extracellular Levels of Dopamine Are Not Affected by MK-801.
One of the hypotheses put forth to explain the stimulatory actions of NMDA receptor antagonists on behavior suggests a direct influence of these drugs on the extracellular dopamine levels in dopaminergic regions of the brain (for review see ref.
12). To assess whether the hyperlocomotor effect of (ϩ)-MK-801 is related to its potential influence on striatal extracellular dopamine, conventional in vivo microdialysis was used in mutant and WT mice. Despite a significant difference in steady-state dialysate content of dopamine in mutant versus WT mice (19) and the degree of activation induced by (ϩ)-MK-801 (0.3 mg͞kg) in these mice, neither genotype showed significant overall changes in striatal extracellular dopamine levels in response to this dose of the drug (Fig. 1B) . These data confirm the notion that the hyperactivity induced by pharmacological or genetic suppression of NMDA receptor function is not related to the modulation of striatal extracellular dopamine levels (10) (11) (12) (30) (31) (32) (33) .
Positive Modulators of AMPA Glutamate Receptors Counteract Hyperactivity of DAT-KO Mice. The present data support the concept of a reciprocal interaction between dopaminergic and glutamatergic inputs in the basal ganglia in the control of motor behaviors (1, (10) (11) (12) (13) . Accordingly, it is reasonable to suggest that drugs enhancing glutamatergic function could counteract dopaminergic hyperactivity (11, (34) (35) (36) . Several strategies are currently being used to develop drugs that can enhance NMDA receptor-mediated glutamate function (37) (38) (39) (40) . One such approach has been the development of drugs that could positively modulate AMPA receptors (34-36, 38, 39, 41-46) . Recent advances in understanding NMDA receptor physiology have highlighted the critical role of AMPA receptor-mediated events in the NMDA receptor currents and functional output such as long-term potentiation (47, 48) . AMPA receptors are known to undergo rapid attenuation of function (43, 47) , and drugs interfering with this process (also referred to as AMPAkines) have been shown to regulate synaptic strength at glutamatergic synapses (42) (43) (44) (45) (46) 49) .
To test this notion, positive modulators of AMPA receptordependent glutamatergic transmission, aniracetam (42, 44, (50) (51) (52) and the AMPAkines 1-(quinoxalin-6-ylcarbonyl) piperidine, CX516 (34-36, 45, 46) , and 1-(1,4-benzodioxan-6-ylcarbonyl)piperidine, CX546 (49, 53) were tested for their effects on hyperactivity in DAT-KO mice (Fig. 2 A, B, D, and E) . Each drug dose-dependently decreased both horizontal and vertical activities in DAT-KO mice in a novel environment, thereby suggesting that facilitation of glutamatergic transmission can counteract dopaminergic hyperactivity (11, 36) . Similar effects were observed when AMPAkines of a new generation, CX672 (1 mg͞kg, i.p.) and CX776 (3 mg͞kg, s.c.) were tested ( Fig. 2 D and E) . Importantly, no corresponding decreases in extracellular dopamine levels after administration of aniracetam (50 mg͞kg, i.p.) or CX516 (100 mg͞kg, s.c.) were noted in the striatum of freely moving DAT-KO mice in microdialysis experiments (Fig. 2 C  and F) , once again illustrating a lack of direct involvement of striatal dopaminergic transmission in the modulatory effect of glutamatergic drugs on locomotor activity.
MK-801 Disrupts Inhibitory Effect of Amphetamine on Hyperactivity of
DAT-KO Mice. Previously, it has been shown that the inhibitory action of psychostimulants on hyperactivity in DAT-KO mice does not involve modulation of dopaminergic activity but rather reflects the influence of these drugs on 5-HT transmission (21) . Moreover, it has been demonstrated that the effect of 5-HT on dopaminergic hyperactivity is likely to occur by modulation of postsynaptic dopaminergic responses (21) . One possibility for this effect may involve glutamate transmission as an intermediate in the 5-HT-dopamine interaction (1, 6, (10) (11) (12) (13) . This hypothesis would suggest that a blockade of glutamatergic transmission by (ϩ)-MK-801 could interfere with the ability of psychostimulants to exert their inhibitory action in these mice. To test this hypothesis, we investigated the ability of (ϩ)-MK-801 to affect the inhibitory action of amphetamine on the hyperactivity in DAT-KO mice. In agreement with a previous report (Fig. 3A) . Pretreatment with (ϩ)-MK-801 at a dose of 0.3 mg͞kg induced potent activation in DAT-KO mice (see also Fig. 1 A) , and completely disrupted the attenuating effect of d-amphetamine on hyperactivity. (ϩ)-MK-801 administered at lower doses exerted similar potent hyperlocomotor effects but its attenuation of the inhibitory effect of damphetamine (2 mg͞kg) was dose-dependent with doses 0.1 and 0.2 mg͞kg being less effective and a dose of 0.05 mg͞kg being virtually ineffective (Fig. 3B) . Similarly, the inhibitory effect of a lower dose of d-amphetamine (0.5 mg͞kg) was absent when mice were pretreated with a dose of 0.1 mg͞kg of (ϩ)-MK-801 (Fig. 3C ), but d-amphetamine at higher doses (1 and 2 mg͞kg) was still effective to exert inhibitory action in similarly pretreated mice. Persistence of the inhibitory effect of amphetamine in mice activated by low doses of (ϩ)-MK-801 argues against the possibility that the lack of inhibitory effect of amphetamine in mice treated with higher doses of (ϩ)-MK-801 is simply because baseline hyperactivity and MK-801-induced hyperactivity are two separate and unrelated processes. Rather, the dosedependent attenuating effect of (ϩ)-MK-801 on the inhibitory effect of amphetamine in DAT-KO mice is consistent with the dependence of this inhibitory action of amphetamine on the intensity of glutamatergic transmission.
In addition, as shown in Fig. 3D , the attenuating effect of d-amphetamine (2 mg͞kg) on hyperactivity of DAT-KO mice could be completely reversed by subsequent administration of a low dose of (ϩ)-MK-801 (0.1 mg͞kg). In a separate set of experiments, the hypolocomotor effect of another psychostimulant, methylphenidate (21) , also could be completely blocked by (ϩ)-MK-801 pretreatment of DAT-KO mice (Fig. 4A) . These data suggest that the hypolocomotor effect of psychostimulants in DAT-KO mice requires intact glutamatergic neurotransmission.
MK-801 Disrupts the Inhibitory Action of Serotonergic Drugs on
Hyperactivity. The inhibitory action of psychostimulants on hyperactivity in the DAT-KO mice has been suggested to involve modulation of 5-HT transmission (21) . To test whether the inhibitory action of 5-HT drugs also would be sensitive to a blockade of glutamergic transmission, several serotonergic drugs were evaluated in combination with (ϩ)-MK-801. In agreement with our earlier study (21) , fluoxetine (20 mg͞kg), quipazine (3 mg͞kg), and L-tryptophan (100 mg͞kg) significantly inhibited locomotor activity of DAT-KO mice. Again, pretreatment with (ϩ)-MK-801 not only resulted in a further increase in activity but also in the absence of an inhibitory effect of all serotonergic drugs tested (Fig. 4B) . In addition, (ϩ)-MK-801 at a low dose (0.1 mg͞kg) effectively reversed the reduced locomotor activity of DAT-KO mice pretreated with L-tryptophan (Fig. 4C) . Altogether, these findings demonstrate that the inhibitory action of 5-HT on hyperactivity involves glutamatergic transmission and gives further support to the notion that this effect does not directly involve modulation of dopaminergic pathways (21) .
Psychostimulants Modulate Serotonergic Transmission in the Frontal
Cortex of DAT-KO Mice. A major glutamatergic input to the basal ganglia derives from frontal cortical areas (1, (4) (5) (6) 12 ). Several lines of evidence indicate that psychostimulants affect not only striatum and nucleus accumbens, but also exert potent effects in other brain areas, particularly in the frontal cortex (41, (54) (55) (56) (57) (58) (59) (60) . Interestingly, local application of amphetamine into the medial prefrontal cortex counteracts hyperactivity induced by the systemic administration of the same drug (61) . Previously, we observed that cocaine causes a significant induction of c-Fos expression in several regions of frontal cortex in DAT-KO mice (62) . To assess whether d-amphetamine and methylphenidate also can exert effects in the frontal cortex of DAT-KO mice, levels of c-Fos, a nonspecific marker of neuronal activation and an important intermediate in the cascade of events initiated by psychostimulants (62-64), were determined. Immunoblotting analyses revealed that treatments with d-amphetamine and methylphenidate significantly increased c-Fos levels in the frontal cortex of both WT and DAT-KO mice as compared with saline-treated controls (Fig. 5A) . Because d-amphetamine and methylphenidate treatments elevated c-Fos levels in the frontal cortex to a similar extent in both WT and DAT-KO mice, it would appear that in the normal situation psychostimulants exert a significant portion of their effect via interaction with targets other than DAT. When neurochemical parameters of serotonergic transmission in the frontal cortex were examined (Fig.  5B) , it was found that d-amphetamine increased cortical tissue levels of both 5-HT and its metabolite 5-HIAA in WT mice, whereas affecting only 5-HT levels in DAT-KO mice. Methylphenidate induced significant elevation of 5-HIAA levels in the frontal cortex of WT mice and 5-HT in DAT-KO mice (Fig. 5B) . Similar effects of amphetamine (13, 60) and methylphenidate (59, 65) on c-Fos expression (59, 60) and neurochemical indices of serotonergic transmission (13, 65) in the frontal cortex of rats have been reported. The present data suggest that one of the potential mechanisms of psychostimulant action to affect glutamatergic transmission, and, consequently, dopaminergic hyperactivity, may involve modulation of 5-HT transmission in the frontal cortex. However, the precise cellular and molecular sites of this putative interaction remains to be elucidated.
Discussion
The persistent hyperdopaminergic tone and hyperactivity in the DAT-KO mice provides a model in which the contribution of neuronal systems other than dopamine in regulating locomotion can be more readily assessed than in normal animals. Changes in dopaminergic tone are highly related to alterations in locomotor activity (1, (11) (12) (13) 18) . At the same time, it is increasingly clear that another major input to the striatum, namely the frontostriatal glutamatergic pathway, which converges with the dopamine system at the level of medium spiny ␥-aminobutyric acid neurons in the striatum and nucleus accumbens, plays an important role in the control of locomotion. The reciprocal functional interaction between these systems, which most likely occurs at the level of postsynaptic dopamine and glutamate receptors signaling and regulation (7) (8) (9) , is now being recognized as critical for the control of motor behavior (1, 10-13, 37, 38) . Both the striking potentiation of activity in DAT-KO mice by the blockade of NMDA receptors and the significant inhibitory effect of AMPAkines on locomotor activity in these mice provide further support for this concept. The shift in doseresponse curves of the NMDA antagonist in the hyperdopaminergic mice suggests that alterations in dopaminergic signaling can significantly modulate responsiveness to glutamatergic manipulations. Conversely, the potent effect of drugs enhancing or inhibiting glutamatergic transmission on the ''high'' dopamineinduced hyperactivity illustrates an important modulatory role of glutamate in dopaminergic functional responses. In addition, the present data showing that glutamate antagonists can enhance hyperactivity in already hyperactive DAT-KO mice suggest that combined dysfunctions in glutamate and dopamine systems could potentially result in more pronounced behavioral abnormalities than defects in each of the two systems separately.
A promising direction in the search for pharmacological agents that are able to enhance glutamatergic transmission without inducing side effects characteristic to direct glutamate agonists (39) is the development of compounds positively modulating AMPA receptor function (42) (43) (44) (45) (46) . One of the first drugs, which was recognized to have significant AMPA receptormodulating properties, is aniracetam (42-44, 50, 51), a representative of so-called cognitive enhancers or nootropic drugs (52, 66) . This and similar drugs, piracetam-like cognitive enhancers (52), were developed in an attempt to enhance cognitive functions and are used clinically in several countries. A new generation of the positive modulators of AMPA-receptor compounds, referred to as AMPAkines, have been shown to enhance excitatory transmission, facilitate long-term potentiation, and enhance learning and memory both in experimental animals and humans (45, 46) . AMPAkines have little effect on spontaneous locomotor activity in intact animals but can suppress methamphetamine-induced hyperactivity in rats (34) (35) (36) . The emerging evidence of the involvement of the glutamatergic system in certain manifestations of schizophrenia (10-13, 37, 38, 57, 67) provides a theoretical basis to explore the potential therapeutical benefit of AMPAkines in this disorder (34) (35) (36) 68) . The efficacy of these drugs in counteracting dopaminergic hyperactivity suggests that AMPAkines also could potentially be effective in treating dopamine related symptoms of this disorder as well as other conditions resulting primarily from dopaminergic dysfunctions.
The frontal cortex and basal ganglia are considered to be the brain areas primarily responsible for behavioral manifestations observed in subjects with attention deficit hyperactivity disorder (ADHD) (69) (70) (71) (72) . ADHD is one of the most prevalent childhood disorders manifesting as impulsivity, hyperactivity, and inattention (69) . Psychostimulants and some antidepressants are the most effective drugs in the treatment of this condition (69) . A significant association of ADHD with a variant allele of the DAT gene has been reported (73) . Interestingly, DAT-KO mice are hyperactive and demonstrate significant impairment in cognitive functions, and their hyperactivity can be inhibited by psychostimulants. Although a previous study established the involvement of serotonergic transmission in this inhibitory action of psychostimulants in DAT-KO mice (21), the neuronal circuitry involved has not been investigated. The present study reveals the involvement of glutamatergic transmission as an intermediate in the inhibitory action of psychostimulants and serotonergic drugs on the hyperactivity of DAT-KO mice. Although these data suggest that frontostriatal glutamatergic pathway is involved in this effect, it should be emphasized that the possibility of additional influences from other brain areas (4, 5) cannot be excluded. Several investigators have suggested previously that psychostimulants can affect striatal function both directly via enhanced dopaminergic tone and indirectly through the involvement of the frontostriatal pathway (41, (54) (55) (56) (57) (58) (59) (60) (61) (62) . Interestingly, the ability of psychostimulants to enhance the inhibitory control of frontal cortex over subcortical brain areas has been hypothesized to be critical for the therapeutic actions of these drugs in ADHD patients; however, the nature of this interaction has remained elusive (70) (71) (72) . Moreover, perturbations in dopaminergic neurotransmission are believed to be also associated with schizophrenia and several other neuropsychiatric disorders (1, 3) . Because suppression of dopaminergic activity has been the major approach used in the management of schizophrenia (1, (10) (11) (12) (13) and the modulation of 5-HT-glutamate-dopamine interaction within frontostriatal circuitry is now considered to be a primary determinant of the efficacy of some novel antipsychotics (13) (14) (15) (16) (17) , our findings may have particular implications in understanding both the etiology and management of this disorder as well.
In conclusion, these findings support the concept of a reciprocal functional interaction between dopamine and glutamate in the basal ganglia and point to agents enhancing glutamatergic transmission as a potential approach to treat conditions associated with hyperdopaminergic function. In addition, these data suggest that glutamate transmission may be part of the neuronal circuitry involved in the inhibitory influence of 5-HT on hyperactivity. 
